Abstract
Materials and Methods
Fifty patients (mean age, 36 years; age range, 18-57 years; 41 male, 9 female) without rotator cuff tears were included in this retrospective study. Data were assessed by two readers. The CSA (mm 2 ) of all rotator cuff muscles was measured on parasagittal T1-weighted FSE sequence at two different positions (at the established "y-position" and at a more medial slice in the presumably maximal CSA for each muscle, i.e., the "set position"). The CSA of the deltoid was measured on axial intermediate-weighted FSE sequences at three positions. CSA measurements were obtained using 1.5 Tesla MR-arthrographic shoulder. Pearson's correlation for the corresponding CSA of the force couple as well as was the intraclass correlation coefficient for the inter-and intra-reader agreement was calculated.
Results
The mean CSA was 770 mm 2 (±167) and 841 mm 2 (±191) for the supraspinatus (in the yand set-positions, respectively) and 984 mm 2 (±241) and 1568 mm 2 (±338) for the infraspinatus. The mean CSA was 446 mm 2 (±129) and 438 mm 2 (±128) for the teres minor (in the y-and set-positions, respectively) and 1953 mm 2 (±553) and 2343 mm 2 (±587) for the subscapularis. The three measurements of the deltoid revealed a CSA of 3063 mm 2 (±839) for the upper edge, 3829 mm 2 (±836) for the lower edge and 4069 mm 2 (±937) for the middle of the glenoid. At the set position Pearson's correlation of the transverse force couple (subscapularis/infraspinatus) showed a moderate positive correlation of r = 0.583 (p<0.0001) and a
Introduction
The intricate biomechanical concept of glenohumeral stabilization is based on static and dynamic stabilization and involves two important stabilizing mechanisms, concavity compression and glenohumeral balance, as proposed in 1993 by Lippitt et al. [1] . Static soft-tissue stabilization by the joint capsule and glenohumeral ligaments is mainly provided in the end-range joint position. Because of the unconstrained geometry of the glenohumeral joint, the four rotator cuff muscles serve as the main dynamic stabilizers of the humeral head [1] [2] [3] , with contributing roles of other muscles including deltoid, latissimus dorsi, teres major, biceps and triceps depending on the joint position. The antagonist subscapularis and infraspinatus/teres minor muscles build a force couple that centers the humeral head in an anteroposterior direction [4, 5] . The supraspinatus works-depending on the joint position-primarily as the counteracting force to the cranial pull of the deltoid muscle [6, 7] . To ensure the stabilization of the humeral head with a high degree of range of motion, balanced forces of the contributing muscles are mandatory. Any asymmetric tonus of the agonists results in altered glenohumeral shear forces that might lead to displacing of the proximal humerus from its center of rotation in the glenoid cavity and thus might facilitate joint attrition and cause subluxation of the proximal humerus as seen in shoulders with major defects of the rotator cuff [5, 7] . Knowledge of a biomechanical balanced shoulder is crucial for surgical therapy planning, e.g. latissimus dorsi transfer, shoulder prosthesis implantation or treating of torn rotator cuff tendons. Many studies have shown that torn rotator cuff tendons are associated with muscle atrophy and fatty infiltration, which indicate a loss of muscle strength, function, and altered joint reaction forces [8, 9] . Also muscle size and joint strength are known to change throughout the adult lifespan. Muscle volume decreases in older adults particularly in the shoulder, however, the linear relationship between muscle volume and joint-moment generating capacity is maintained in older adults [10] [11] [12] . The strength of a muscle can be calculated from its muscle volume [13] and cross-sectional area (CSA), and are therefore a useful surrogate marker for the applied tension forces in the biomechanical analysis of joint reaction forces [14, 15] . Computed tomography (CT) and magnetic resonance imaging (MRI) are known for providing reliable measurements of rotator cuff muscle sizes, particularly the CSA [16, 17] . This current study initially enables an invivo assessment of the muscle CSA and provides an examination of the association between the muscles in the transverse and craniocaudal force couples in the shoulder.
Based on this knowledge, we hypothesized that the CSA of the corresponding force couple muscles of the rotator cuff and the deltoid measured on MRI correlate with each other and reflect an in-vivo proof of the well-known, in-vitro explored concept of a balanced shoulder in adult patients with healthy rotator cuffs.
Materials and Methods

Study Population
Institutional review board approval was obtained by the local ethics committee "Cantonal Ethics Committee Zurich" and conducted in compliance with the Declaration of Helsinki. Written informed patient consent was waived by our local ethics committee due to the retrospective nature of the study. The patient records/information were anonymized and de-identified prior to analysis.
Two hundred eighty-seven patients who were referred to magnetic resonance arthrography (MR arthrography) between January 2011 and December 2014 were screened for study inclusion (Fig 1) . Fifty patients (9 female, 41 male; female age range, 27-54 years; mean age, 43 ± 10 years; male age range, 18-57 years; mean age, 34 ± 13 years; mean age of all patients: 36 ± 13 years) of the shoulder (right: 26 (23/26 dominant side); left: 24 (20/24 dominant side) were included in this retrospective study. All fifty MR arthrographies arise from fifty different patients.
MR arthrography was clinically indicated in all patients and included suspected lesions of both the labrum and the biceps tendon. Inclusion criteria were no significant findings according to MR arthrography that may alter glenohumeral stabilization, notably an intact rotator cuff diagnosed on MR arthrography and no clinical suspicion of rotator cuff pathologies. Exclusion criteria were prior shoulder surgery, history or clinical suspicion of rotator cuff pathology, history of crystal deposition diseases (i.e., CPPD) and when calcifications at the shoulder were visible on the fluoroscopic image from the arthrography or conventional radiography, as were any muscle disease, suspected or proven adhesive capsulitis, major deformity of the shoulder girdle, history of asymmetric shoulder use or muscle training or neurologic disease that might influence the peripheral muscles. Also patients with significant defects of the labrum and/or the biceps tendon proven by the MR arthrography were excluded.
Imaging
MR arthrography included intraarticular injection of the contrast agent under fluoroscopic guidance as well as subsequent MR imaging using a 1.5-T scanner (Signa Excite HD, GE Healthcare, Wauwatosa, WI, USA) and a dedicated shoulder array coil (8-channel shoulder array, GE Healthcare, Wauwatosa, WI, USA). The MR protocol was the established protocol for shoulder MR arthrography at our hospital. It consisted of a parasagittal T1-weighted fast spin echo (FSE) (repetition time/echo time (TR/TE), 595/8. 
Image Analysis
Measurements of the cross-sectional areas were performed by a radiologist (R1, initialsblinded for review) with four years of experience in musculoskeletal imaging using dedicated software (Myrian; Intrasense, Paris, France). In addition, intra-reader and inter-reader agreement was systematically assessed. In order to determine the intra-reader agreement, image analysis of 50% of the randomly selected cases (n = 25) was repeated by R1 (after a time interval of four weeks to avoid recall bias). In order to determine the inter-reader agreement, a second Cross-Sectional Area of the Rotator Cuff Muscles in MRI reader (R2, initials-blinded for review) with four years of experience in musculoskeletal imaging performed an image analysis of the same randomly selected 50% of the cases (n = 25). Images were shown randomly and both readers were always blinded to the name and details of the patients. R1 and R2 did not converse with one another before reviewing the scans to agree upon a specific approach.
For quantitative CSA rotator cuff muscle measurement, the parasagittal T1-weighted FSE sequences were used with the help of axial intermediate-weighted FSE sequences to localize the distance from the center of the glenoid cavity. The CSA (mm 2 ) of all rotator cuff muscles was measured at two different positions on the parasagittal images. First, at the most lateral slice where the corpus scapulae and the spina scapulae had a Y-shaped appearance [18] and the spongiosa of the spina scapulae was observed (referred to as the "y-position", Fig 2) . Second, at a more medial slice, according to the method described by Yanagisawa et al. [19] (referred to as the "set position"). The CSA of the supraspinatus muscle was measured 31 mm in males and 27 mm in females medial to the center of the glenoid cavity. The infraspinatus muscle was measured 55 mm in males and 51 mm in females medial to the center of the glenoid cavity. The teres minor muscle was measured 6 mm in males and 5 mm in females medial to the center of the glenoid cavity. The subscapularis muscle was measured 31 mm in males and 38 mm in females medial to the center of the glenoid cavity (Fig 3) . Due to the similar muscle function of the infraspinatus and the teres minor their mutual CSA was calculated and used for the correlations at both measurement positions, the y-position and set position. Additionally, the CSA of the deltoid muscle was measured on the axial intermediateweighted FSE sequences at three positions: the upper and lower edges and the middle of the glenoid (Fig 4) . The measurement at the middle position was performed exactly at the mid-glenoid level according to the method described earlier by Meyer et al. [20] and included all segments of the deltoid deriving from the clavicle, acromion and scapular spine. Fatty infiltration of the rotator cuff muscles was not assessed.
Statistical Analysis
We expressed the distribution of variables using means and standard deviation (SD) for normally distributed data and medians and interquartile ranges for non-normally distributed data. After confirming normality of the data with the Kolmogorow-Smirnov test Pearson's correlation coefficient was used to test for correlations of the CSA of the rotator cuff muscles as well as the deltoid muscle. According to Evans [21] Using the technique of Li and Ji to correct multiple comparisons [23] , six effective variables were found that required correction. Consequently, a p-value of <0.0033 was considered statistically significant. All statistical calculations were performed using commercially available software (IBM SPSS Statistics, Version 21.0.: IBM Corp. Armonk, NY, USA). 
Results
Inter-and intra-reader agreement
Intraclass correlation coefficient (ICC) for the inter-reader agreement (ranged from 0.841 to 0.997, p = 0.0007) as well as intra-reader agreement was excellent (ranged from 0.863 to 0.999, p = 0.0006). Table 1) .
CSA measurement
CSA measurement correlation
Pearson's correlation of the transverse force couple (subscapularis and infraspinatus) showed a moderate positive correlation of r = 0.583 (p<0.0001) at the set measurement position and a strong correlation when the CSA of the teres minor was added to the infraspinatus CSA (subscapularis/infraspinatus-teres minor, r = 0.665, p = 0.0008). At the y-position there was a moderate positive correlation of r = 0.428 (p = 0.0006) and a slightly higher correlation when the CSA of the teres minor was added to the infraspinatus CSA (r = 0.526, p = 0.0007) ( Table 2) .
A moderate/strong positive correlation of the craniocaudal force couple (supraspinatus and deltoid), which ranged from r = 0.565-0.698 (p<0.0001) at the set position and 0.565-0.639 (p<0.0001) at the y-position, with the highest correlation between the supraspinatus and the middle deltoid at the set position (r = 0.698, p<0.0001) and the y-position (r = 0.639, p<0.0001), was found ( Table 3) .
In contrast to the moderate to strong correlations for the force couples, other non-corresponding force couples showed predominantly weaker values. The comparison of the infraspinatus and the deltoid revealed also a comparable positive correlation for the y-position (ranged from r = 0.433-0.649, p0.0017) and set position (ranged from r = 0.448-0.585, p0.0011) as well as the comparison of the subscapularis and the deltoid (ranged from r = 0.422-0.539, p0.0023) at the set position.
Discussion
The concept of the transverse and craniocaudal force couples in the shoulder was investigated in several biomechanical studies [4] [5] [6] [7] . Since static soft-tissue stabilization by the joint capsule and glenohumeral ligaments is mainly provided in end-range joint positions, dynamic neuromuscular control is crucial for all mid-and low-range movements to keep the proximal humerus centered to the glenoid cavity. Therefore, the understanding of muscular physiology and anatomy around the glenohumeral joint is mandatory and can serve as a decision-making aid for conservative and surgical therapeutic treatment planning. Thus, knowledge about the performance of the anteroposterior and craniocaudal force couples is of clinical significance, e.g. for determination whether anatomical total shoulder replacement or reverse total shoulder replacement should be applied. If the strength of the supraspinatus is insufficient and consequently the deltoid pulls the humerus upwards, reverse total shoulder replacement is favored over anatomical shoulder replacement to prevent unfavorable clinical outcomes [24, 25] . Additionally, preoperative knowledge about deltoid strength is important as reverse total shoulder replacement results in medialization and distalization of the center of rotation of the shoulder joint and therefore increases the deltoid muscle moment arm. Hence, it is vital to anticipate whether the deltoid will be able to perform as the primary contributor for shoulder movement postoperatively [26, 27] . Furthermore, preoperative anticipation of subscapularis performance is essential for latissimus dorsi transfer planning, because its insufficiency constitutes a contraindication due to the potential anterior subluxation of the humeral head [28, 29] . Clinical assessment of the strength and condition of the antagonist rotator cuff muscles and deltoid can be difficult and therefore CSA assessment of the participating muscles as an indicator for muscle force can aid clinical work-up.
A muscle's cross-sectional area is a well-established surrogate marker for the force produced by the muscle. The force is directed along the muscular line of action (which can change with joint angle and attachment location) and determines the moment arm about the glenohumeral joint [20] . The measurement of the CSA might be a little less appropriate for the evaluation of muscle force compared to measurement of muscle volume [13, 30, 31 ], but represents not only an easier and less time consuming measuring technique, but also is more suitable for clinical routine, because most MRI examinations do not cover the entire rotator cuff muscles on the medial side to save scanning time. Table 1 . Comparison between CSA measurements in the literature. Table shows our results for the cross-sectional area (CSA) measurements at the set position in comparison to the measurements for rotator cuff muscles by Yanagisawa et al. [19] , who suggested the set position to be most appropriate for maximal CSA assessment. Yanagisawa et al. divided the results into the groups males (♂) and females (♀). Additionally, the CSA measurements of the deltoid by Meyer et al. [20] Table 2 . Correlation of muscle CSA measurements for transverse force couple. Table summarizes The mean CSA findings in the present study for the rotator cuff muscles were similar to the data reported by Yanagisawa et al. [19] . In their study CSA measurements on MRI were steadily performed on each whole muscle and the maximum CSA for each muscle was found to be on a more medial slice compared to the established y-position [18] . The maximum CSA values were determined to be similar in athletes as well as nonathletes of both sexes. Thus we have included both measurement positions, the y-and set-position, in our study for CSA assessment of the four rotator cuff muscles. Previously there is only the study of Meyer et al. that proposed a CSA measurement position for the deltoid [20] , namely the mid-glenoid level. We developed an advanced measurement technique with two additional measuring positions to ascertain the deltoid cross-sectional area at three defined levels. Our measurement results for the mid-glenoid level are comparable to those described by Meyer et al. (Table 1) .
With significant positive correlations of the CSAs for the transverse (moderate, respectively strong when the CSA of the functional similar teres minor was added to the infraspinatus CSA) and craniocaudal (strong) force couples on MRI, we initially showed in-vivo evidence for a muscular-balanced shoulder in healthy adults. These findings are in concordance with a biomechanical precondition for a stable glenohumeral joint. The highest correlations for the deltoid muscles with the CSA of the corresponding supraspinatus were found in the mid-glenoid level in the values for both the y-and the set-position. This result may reflect our mid-glenoid measurement position that features the greatest CSA to be most representative for the deltoid force.
Other non-corresponding force couples showed predominantly weaker values except for the positive correlations for the infraspinatus/teres minor and the deltoid as well as the subscapularis and the deltoid. These findings might be explained by the diverse functions of the deltoid: the anterior fibers are not only involved in shoulder abduction when the shoulder is externally rotated, but also facilitate internal rotation of the humeral head and thus have synergetic effects with the subscapularis. The posterior fibers are strongly involved in transverse extension and external rotation of the humeral head and thus have synergetic effects with the infraspinatus/teres minor. Furthermore, biomechanical studies have shown that the supraspinatus and deltoid work synergistically or antagonistically, depending on different shoulder positions; inherently, an interpretation of our static findings with the arm in a standardized adducted position in the MR scanner does not reflect the different arm positions and muscle functions. Table 3 . Correlation of muscle CSA measurements for craniocaudal force couple. Table summarizes Our study has some limitations: First, despite strict inclusion and exclusion criteria there might be other shoulder pathologies with concomitant inactivity or immobilization that may influence the CSA of the rotator cuff muscles and deltoid. Second, the CSA of the force couples may be influenced as well by selective physical training and their association might be agedependent, although we did not find marked differences after covariance analysis for the variable age. Third, the slice thickness of the parasagittal T1-weighted FSE sequence used for the measurements were 3 mm as it is standard in the clinical setting and thus in the most unfavorable case might lead to a misplacement of the measurement position of maximal 1.5 mm. Finally, CSA measurements at the y-and set-position may not depict the maximal CSA due to different anthropometry.
Conclusion
In conclusion, based on our MRI measurements the significant correlations of the cross-sectional areas of the rotator cuff muscles that form the transverse (subscapularis/infraspinatusteres minor) and craniocaudal (supraspinatus/deltoid) force couple support the biomechanical concept of a dynamically balanced shoulder in adult patients with an intact rotator cuff. Knowledge about the muscle forces of the rotator cuff muscles is the basis for further research and might impact the therapeutic decision making of orthopedic surgeons facing patients with rotator cuff tears or candidates for shoulder prosthesis implantation.
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